described.
The procedure is carried out at room temperature with 2 ml. of serum or plasma, or with 1 ml. if high values are expected; it can be applied to turbid or jaundiced samples, whether previously frozen or not.
An ethanolic solution of 4: 7-diphenyl-1: 10-phenanthroline is used to produce a coloured iron complex, the optical density of which can be measured in any suitable photometer, using either 10 or 20 mm. fused glass cuvettes or matched tubes of 1.1 cm. internal diameter.
Methods for the determination of serum or plasma iron have been reviewed by Heilmeyer and Plotner (1937) , Hemmeler (1951) , Laurell (1952), and Ramsay (1958) . Wet ashing procedures have for many years given the most dependable results, but the labour involved in their performance is considerable. Most of the methods in routine use are based on Barkan's (1927) observation that adding acid to plasma liberates iron from the protein with which it is normally bound; the proteins are then precipitated, either by heat or by the addition of trichloracetic acid, and the iron is determined colorimetrically after the addition of some substance which will form a coloured complex with the free iron.
Dissociation of the plasma iron-protein complex (transferrin) has usually been effected by adding hydrochloric acid, the final concentration of which has varied from 0.1 N to 2 N.
A proportion of the liberated iron may be lost by adsorption on to insoluble protein during the precipitation process, especially if the preparation has been heated. This was demonstrated by dill in 1930. He showed that it could be prevented by adding a reducing agent and by maintaining the pH at about 4 with an acetate buffer. His observations were confirmed by Fowweather (1934) and by Tompsett (1934) using different techniques, but were then lost sight of for some years. Laurell (1952) pointed out that the optimal pH for achieving the rapid conversion of ferric to ferrous ions varies with the reducing agent used, and that, in the case of hydrazine sulphate, thioglycollic acid, and sodium dithionite, a pH of 4.5 to 4.9 is most suitable. This can most simply be maintained by buffering with a saturated solution of sodum acetate (Tompsett and McAllister, 1949) .
Utilizing these principles, Ramsay (1953) obtained results which were 30-60 jug. /100 ml.
higher than those obtained from the same specimens when using several of the older methods. This was confirmed by Peters, Giovanniello, Apt, and Ross (1956) , who also showed that in the presence of a reducing agent dilute hydrochloric acid gave complete iron recovery from specimens which had previously been frozen.
Thiocyanate, aa'-dipyridyl, and 1: 10-phenanthroline have chiefly been used to form coloured complexes with the extracted iron. As the molar extinction coefficients of these substances are relatively low, the reactions have not been very sensitive, particularly in those methods in which large volumes of reagents have been used; they have also been unsatisfactory when the sera to be examined have been turbid or jaundiced.
A new reagent, 4: 7-diphenyl-1 :10-phenanthroline, or bathophenanthroline, was introduced by Case in 1951, and was applied to the estimation of serum iron by Peterson (1953) . Its molar extinction coefficient is more than twice that of the previously used reagents. The iron complex formed with it is insoluble in water but soluble in alcohol. Extraction with alcohol can therefore both concentrate the complex and separate it from alcohol-insoluble substances which interfere with the colour, thus increasing the sensitivity of the reagent. Trinder (1956) has prepared a sulphonated derivative of bathophenanthroline which forms a water-soluble compound with iron and has proved to be slightly more sensitive than the parent substance. Peters et al. (1956) This was determined by adding 1 ml. volumes of hydrochloric acid of increasing normality to 2 ml. volumes of serum at room temperature. The results showed that a final concentration of about 0.6 N hydrochloric acid would be satisfactory.
Protein Precipitation.-Although an excess of trichloracetic acid is necessary to ensure complete precipitation of the serum proteins once the bound iron has been liberated, the total amount of acid which can be used is limited by the necessity of obtaining a minimal final volume, with a pH ranging between 4.5 and 4.9. Laurell (1952) pointed out that when hydrazine sulphate, thioglycollic acid, and sodium dithionite are used as reducing substances, this pH range is optimal for the rapid conversion of ferric to ferrous ions. It also allows the maximal intensity of colour to be most rapidly developed by the ironbathophenanthroline complex (personal observation).
The smallest quantity of trichloracetic acid necessary to precipitate the proteins completely was therefore determined by adding varying amounts of 40% trichloracetic acid to mixtures of 2 ml. of serum and 1 ml. of 2 N hydrochloric acid. These were stirred vigorously for ±45 seconds, and centrifuged for 10 minutes at 2,500 r.p.m. Each supernatant solution was decanted, treated with 0.1 ml. of 40% trichloracetic acid, and examined photometrically for the development of a further precipitate. The addition of 0.2 ml. or less of 40% trichloracetic acid was found to produce incomplete precipitation of the proteins.
It was concluded that treatment of 2 ml. of serum with 1 ml. of 2 N hydrochloric acid and 0.5 ml. of 40% trichloracetic acid (producing a final concentration of 0.572 N hydrochloric acid and allowing for an excess of trichloracetic acid) would be likely to extract the bound iron completely.
Recovery Experiment.-The validity of this hypothesis was assessed by means of a series of recovery experiments, using radioactive iron previously bound to the transferrin of the samples employed. 59Fe was obtained from the Atomic Energy Establishment at Harwell, and 0.5 ,c., containing not more than 0.4,ug. of elemental iron, was added to 25 ml. of serum and incubated at 37°C. for one hour. The binding of the 59Fe with the transferrin and the absence of free 5"Fe was shown in each case by autoradiography after electrophoresis on paper. The radioactivity of the initial samples and of the respective supernatant fractions, obtained after the addition of 2 N hydrochloric acid and precipitation of the proteins with trichloracetic acid, was counted in a well-type scintillation counter. Total counts of 20,000 to 40,000 were obtained from each specimen, and the standard error of counting was found not to exceed 0.7%/, . The radioactivity of the supernatant )ry Supplies Ltd., 12, Charterhouse Square, 4 ml. of 50% hydrochloric acid, and diluted to 1 litre with water, to form a stock solution.
A dilute working solution, containing 1 4g. Fe/ml., was prepared.
Procedure.-This is as follows: (a) For Values Not Exceeding 300 ug. per 100 ml.-Two drops of thioglycollic acid were added to 2 ml. of serum in a 10 ml. conical centrifuge tube. The mixture was shaken briefly and I ml. of 2 N hydrochloric acid was then added, with further shaking.
Next 0.5 ml. of 40% trichloracetic acid was added; the contents of the tube were stirred vigorously with a glass rod for ±45 seconds, and then centrifuged for 10 minutes at 2,500 r.p.m.
Two millilitres of the supernatant fluid were pipetted into a suitably stoppered tube, 1 ml. of saturated sodium acetate and 1.5 ml. of the bathophenanthroline reagent added, and the contents mixed by swirling. Iron standards containing 1 and 2 Ag. Fe per 2 ml. respectively and a reagent blank using 2 ml. of water instead of serum were prepared in a similar manner.
(b) For Values Above 300 ug. per 100 ml.-One millilitre of serum, 0.5 ml. of 2 N hydrochloric acid, 0.25 ml. of 40% trichloracetic acid, 1 ml. of fhe supernatant solution, 0.5 ml. of saturated sodium acetate, and 3 ml. of the bathophenanthroline reagent were substituted for the quantities used above.
After full colour development had taken place (I5-30 sec.) the optical densities of the serum extracts and standard iron solutions were read against the reagent blank in a " unicam model " S.P. 600 spectrophotometer at 536 m,u, using 10 mm. fused glass cuvettes. The iron values were then read off from a previously calibrated graph prepared by plotting optical densities against concentrations of the standard iron solution. Any suitable photometric apparatus can be used instead of the above instrument.
IThe following optical density readings were obtained with a solution containing the equivalent of 100 pg. of iron per 100 ml., using cells of various It is preferable to use 20 mm. cuvettes, so that the optical density readings may be brought within the range of the optimal sensitivity of the instrument.
Comparative Readings The efficiency of the method was contrasted with that of Peters et al. (1956) , by carrying out a series of four replicate analyses on three previously frozen Trinder's (1956) procedure, but is achieved without the complication of sulphonating the bathophenanthroline and of heating the reagent mixture. The sulphonated derivative has not yet been isolated as a definite substance of known structure and so it is difficult to account for its increased sensitivity other than by postulating an increase in the number of resonance structures.
